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In this paper, we make a deep analysis for the five typical interacting holographic dark energy mod-
els with the interaction terms Q = 3βH0ρde, Q = 3βH0ρc, Q = 3βH0(ρde + ρc), Q = 3βH0
√
ρdeρc,
and Q = 3βH0
ρdeρc
ρde+ρc
, respectively. We obtain observational constraints on these models by using
the type Ia supernova data (the Joint Light-curve Analysis sample), the cosmic microwave back-
ground data (Planck 2015 distance priors), the baryon acoustic oscillations data, and the direct
measurement of the Hubble constant. We find that the values of χ2min for all the five models are
almost equal (around 699), indicating that the current observational data equally favor these IHDE
models. In addition, a comparison with the cases of interaction term involving the Hubble parameter
H is also made.
I. INTRODUCTION
The accelerated expansion of the universe has been dis-
covered by the type Ia supernova observations [1, 2] and
further confirmed by various other cosmological observa-
tions [3–6]. Dark energy that has negative pressure has
been proposed to explain the phenomenon of cosmic ac-
celeration [7–15]. In the present universe, dark energy
contributes about 70% of the cosmic energy density, and
thus it is now dominating the evolution of the universe.
The study of dark energy has become one of the most
important issues in theoretical physics and modern cos-
mology. Although enormous efforts have been made to
investigate dark energy, its nature is still in the dark.
The primary candidate of dark energy is the so-called
“cosmological constant” (denoted as Λ), which is equiv-
alent to the density of vacuum energy and thus is a
constant in space and time. The cosmological con-
stant Λ has a constant equation-of-state parameter (EoS)
wΛ ≡ pΛ/ρΛ = −1. The cosmological model with Λ
and cold dark matter (CDM) is called the ΛCDM model,
which can explain the current various cosmological obser-
vations quite well [16]. However, the cosmological con-
stant always suffers from serious theoretical challenges,
i.e., the so-called “fine-tuning” and “cosmic coincidence”
puzzles [17, 18]. The value of the vacuum energy density
calculated by quantum field theory is higher than the fit
value of the cosmological constant by cosmological ob-
servations by about the 120 orders of magnitude, and so
a bare cosmological constant needs to be introduced to
make an offset, leading to the fine-tuning problem. The
coincidence problem asks why the densities of vacuum
energy and matter are in the same order today, although
their evolutionary histories differ enormously. These two
puzzles have been frustrating the ΛCDM cosmology in
theoretical aspect.
Actually, there are many other candidates for dark en-
ergy, for which the vast majority believes that dark en-
ergy has dynamics, often realized by some scalar field
[19–29]. However, more theoretically, it is believed that
the dark energy problems are closely related to the the-
ory of quantum gravity in nature. It is actually obvious
that Λ has a quantum origin and at the same time it
yields repulsive gravity leading the current universe to
accelerate. Therefore, it is of great interest to explore
the nature of dark energy from the perspective of quan-
tum gravity. In the current circumstance that we have
no a complete theory of quantum gravity, we have to ap-
peal to the holographic principle of quantum gravity for
an effective theory of dark energy.
Together with the effective quantum field theory, the
holographic principle leads to a model of dark energy,
named “holographic dark energy” (HDE) model, which
can solve the two theoretical puzzles of cosmological con-
stant at the same time to some extent [30] and can
explain the current cosmological observations well (see
Ref. [31] for a recent review). By considering the holo-
graphic principle, it is required that in a spatial region
there is an upper limit for the number of degrees of free-
dom involved in it, due to the gravitational effects of
them (the condition of black hole formation sets such a
bound) [32]. That is to say, in this theory, the infrared
(IR) cutoff (with length scale L) is related to the ultra-
violet (UV) cutoff (with energy scale kmax). Recall that
for the vacuum energy density we have the evaluation
ρvac ' k4max/(16pi2). Thus, one finds that by such a the-
oretical consideration the density of dark energy can be
decided by some IR cutoff length scale of the universe.
The holographic reasoning gives the density of dark en-
ergy of the form [30]
ρde = 3c
2M2plL
−2, (1)
where Mpl =
1√
8piG
is the reduced Planck mass and c is a
dimensionless constant characterizing ambiguous factors
in the effective theory. In the HDE model, Li [30] argues
that L should be chosen as the future event horizon of
the universe, which can lead to a cosmic acceleration.
Namely, in the HDE model, we have
L = a(t)
∫ ∞
t
dt′
a(t′)
= a
∫ ∞
a
da′
Ha′2
. (2)
The HDE model has been widely studied in depth [33–
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252]. There are also some variants of this kind [53–62]. In
the HDE model, it is found that the parameter c solely
determines the evolution of dark energy, by solving a dif-
ferential equation (see, e.g., Ref. [30]). When c > 1, the
dark energy has w > −1 (in the case of c = 1, w will
eventually evolve to get −1); when c < 1, the EoS of
dark energy w will cross the phantom divide −1 from
w → −1/3 to w → −1/3 − 2/(3c) [63]. The cosmo-
logical constraints show that c is around 0.7 (see, e.g.,
Refs. [64–66]). A recent work [67] on comparing popular
dark energy models shows that the HDE model is still
a competitive model in the aspect of fitting the current
cosmological observations.
On the other hand, there might be some direct inter-
action between dark energy and dark matter, which is
capable of helping resolve (or alleviate) the coincidence
problem of dark energy [68–70]. Therefore, addition to
probing the dynamics of dark energy, another important
mission for the investigation of dark energy is to detect
such a “fifth force” between dark energy and dark matter
by accurate cosmological observations. The interacting
dark energy models have been widely studied [71–109].
The interacting models in the framework of holographic
dark energy have also been deeply explored (see, e.g.,
Refs. [110–112]).
In interacting models of dark energy, one considers
that there is an energy transfer between dark energy
and dark matter in the background universe (and in a
perturbed universe there is also a momentum transfer
between them). In a concrete model, a form of the en-
ergy (density) transfer rate (denoted as Q) should be
assumed. Usually, consulting from the theories of nu-
clear decay and inflationary reheating, the form of Q is
assumed to be proportional to the density of dark en-
ergy or dark matter, i.e., Q = 3βHρde or Q = 3βHρc,
where ρde and ρc are the densities of dark energy and
cold dark matter, respectively, H is the Hubble param-
eter, and β denotes the dimensionless coupling between
dark energy and dark matter. Note that here 3H appears
only for mathematical convenience. In our recent work
[112], Feng and Zhang explored the interacting models
in the framework of holographic dark energy and made
a comparison for five interacting cases (Q = 3βHρde,
Q = 3βHρc, Q = 3βH(ρde + ρc), Q = 3βH
√
ρdeρc, and
Q = 3βH ρdeρcρde+ρc ), according to the constraint results of
current observations.
However, in the research area of interacting dark en-
ergy, there is another perspective that Q should not in-
volve the Hubble parameter H because the local inter-
action should not depend on the global expansion of the
universe [102]. According to this perspective, one should
write down the form of Q as, e.g., Q = 3βH0ρde or
Q = 3βH0ρc, where the appearance of H0 is only for a
dimensional consideration. In this paper, we will revisit
the exploration of interacting holographic dark energy
models by adopting this perspective. We will consider
the five cases with Q = 3βH0ρde, Q = 3βH0ρc, Q =
3βH0(ρde +ρc), Q = 3βH0
√
ρdeρc, and Q = 3βH0
ρdeρc
ρde+ρc
.
We constrain the models by using the current cosmolog-
ical observations, and we report the results and make an
analysis for them.
This paper is organized as follows. In Sec. II, we briefly
describe the interacting holographic dark energy model.
In Sec. III, we present the analysis method and the obser-
vational data used in this paper. In Sec. IV, we report the
constraint results and make a deep discussion for them.
Conclusion is given in Sec. V.
II. THE INTERACTING MODEL OF
HOLOGRAPHIC DARK ENERGY
In this section, we briefly derive the equations de-
scribing the interacting holographic dark energy (IHDE)
model for a flat cosmology.
In the context of flat Friedmann-Roberston-Walker
universe, the Friedmann equation can be written as
3M2plH
2 = ρc + ρb + ρr + ρde, (3)
where 3M2plH
2 is the critical density of the universe, ρc,
ρb, ρr, and ρde represent the energy densities of cold dark
matter, baryon, radiation, and dark energy, respectively.
For convenience, we define the fractional energy densities
of various components as
Ωc =
ρc
3M2plH
2
, Ωb =
ρb
3M2plH
2
,
Ωr =
ρr
3M2plH
2
, Ωde =
ρde
3M2plH
2
.
(4)
By definition, we have
Ωc + Ωb + Ωr + Ωde = 1. (5)
In the IHDE model, there is some direct, non-
gravitational interaction between holographic dark en-
ergy and dark matter, and thus we have the following
continuity equations for the various components:
ρ˙c + 3Hρc = Q, (6)
ρ˙de + 3H(ρde + pde) = −Q, (7)
ρ˙b + 3Hρb = 0, (8)
ρ˙r + 4Hρr = 0, (9)
where Q is the phenomenological interaction term [113–
122], denoting the energy transfer rate between dark en-
ergy and dark matter. In this paper, we consider the
following five cases in the IHDE model:
Q1 = 3βH0ρde, (10)
Q2 = 3βH0ρc, (11)
3Q3 = 3βH0(ρde + ρc), (12)
Q4 = 3βH0
√
ρdeρc, (13)
Q5 = 3βH0
ρdeρc
ρde + ρc
. (14)
As has been mentioned above, β is a dimensionless cou-
pling parameter describing the strength of interaction be-
tween dark energy and dark matter.
Combining Eqs. (3) and (5)–(9), we obtain
pde = −2
3
H˙
H2
ρc − ρc − 1
3
ρr. (15)
Substituting Eq. (15) into Eq. (7), we obtain
2
H˙
H
(Ωde − 1) + Ω˙de +H(3Ωde + ΩI − 3−Ωr) = 0. (16)
Here, for convenience, following Ref. [110] we define
ΩI =
Q
3M2plH
3
. (17)
From Eq. (1) (i.e., the definition of density of holo-
graphic dark energy), we can get a relation,
L =
c
H
√
Ωde
. (18)
We now write the IR cut-off length scale L as the form
L = ar(t). (19)
Combining Eqs. (18) and (19), we get
r(t) =
L
a
=
c
Ha
√
Ωde
. (20)
Combining Eqs. (2) and (20), we have the relation∫ ∞
t
dt′
a(t′)
=
c
Ha
√
Ωde
. (21)
Taking derivative of Eq. (21) with respect to t, we can
get the equation
Ω˙de
2Ωde
+H +
H˙
H
=
H
c
√
Ωde. (22)
Combining Eqs. (16) and (22), we get the following two
differential equations governing the dynamical evolution
of dark energy in the IHDE model for a flat cosmology,
1
E
dE
dz
= − Ωde
1 + z
(
1
c
√
Ωde +
1
2
+
ΩI − 3− Ωr
2Ωde
)
, (23)
dΩde
dz
= −2(1− Ωde)Ωde
1 + z
(
1
c
√
Ωde +
1
2
+
ΩI − Ωr
2(1− Ωde)
)
,
(24)
where E(z) = H(z)/H0 is the dimensionless Hub-
ble expansion rate, Ωde(z) is the fractional density of
dark energy, and Ωr(z) = Ωr0(1 + z)
4/E(z)2 is the
fractional density of radiation. Here we have Ωr0 =
Ωm0/(1 + zeq), where Ωm0 = Ωc0 + Ωb0 and zeq =
2.5 × 104Ωm0h2(Tcmb/2.7 K)−4, with Tcmb = 2.7255 K.
The initial conditions of these equations are E0 = 1 and
Ωde0 = 1− Ωm0 − Ωr0 at z = 0.
In this paper, for convenience, we occasionally call
the cases with Q1–Q5 [described by Eqs. (10)–(14)] the
IHDE1–IHDE5 models, respectively.
III. METHOD AND DATA
In a flat universe, the IHDE models have four free pa-
rameters, c, h, Ωm0, and β. We will use the current
observational data to constrain the models.
We use the χ2 statistic to estimate the model param-
eters. The form of χ2 function is as follows,
χ2ξ =
(ξth − ξobs)2
σ2ξ
, (25)
where ξth is the theoretically predicted value for the ob-
servable ξ, ξobs is the corresponding experimentally mea-
sured value, and σξ is the standard deviation. The total
χ2 is the sum of all χ2ξ ,
χ2 =
∑
ξ
χ2ξ . (26)
The observational data we use in this paper include
the type Ia supernova (SN) data, the cosmic microwave
background (CMB) anisotropy data, the baryon acoustic
oscillation (BAO) data, and the direct measurement of
the Hubble constant H0. Thus the total χ
2 function is
χ2 = χ2SN + χ
2
CMB + χ
2
BAO + χ
2
H0 . (27)
Since these IHDE models have the same parameter
number, we can direct compare them with their χ2 val-
ues. But when we compare them with the ΛCDM model
and the HDE model (without interaction), the χ2 com-
parison becomes unfair because their parameter numbers
are different. We thus employ the Akaike information
criterion (AIC) [123] and the Bayesian information cri-
terion (BIC) [124] to do the model comparison in this
situation. By definition, we have AIC = −2 lnLmax + 2k
and BIC = −2 lnLmax + k lnN , where k is the num-
ber of parameters, and N is the number of data points.
Since we wish to measure the difference between mod-
els, we are more interested in the relative values of
them. In this work, we choose the ΛCDM as a refer-
ence model, and then calculate ∆AIC = ∆χ2min + 2∆k
and ∆BIC = ∆χ2min + ∆k lnN . A model with a lower
value of AIC or BIC is believed to be more favored by
data.
4A. Type Ia supernovae
We use the JLA compilation of type Ia supernovae
[125] in this work. It is from a joint analysis of type Ia
supernova observations. The JLA compilation consists of
740 Ia supernovae data points, obtained by the SDSS-II
and SNLS collaborations. The distance modulus of a SN
Ia is
µˆ = m∗B − (MB − α×X1 + β × C), (28)
where m∗B is the observed peak magnitude, MB is the ab-
solute magnitude, X1 is the time stretching of the light
curve, and C is the supernova color at maximum bright-
ness. The luminosity distance dL of a supernova in a
spatially flat FRW universe is defined as
dL(zhel, z) =
1 + zhel
H0
∫ z
0
dz′
E(z′)
, (29)
where zcmb and zhel are the CMB frame and heliocentric
redshifts, respectively. The χ2 function for the JLA SN
observation is
χ2SN = (µˆ− µth)†C−1SN(µˆ− µth), (30)
where CSN is the covariance matrix of the JLA SN obser-
vation and µth denotes the theoretical distance modulus,
defined as
µth = 5 log10
dL
10pc
. (31)
B. Cosmic microwave background
For the CMB data, we use the “Planck distance priors”
from the Planck 2015 data [126]. The distance priors
contain the shift parameter R, the “acoustic scale” `A,
and the baryon density ωb ≡ Ωb0h2. R and `A are defined
as
R =
√
Ωm0H20 (1 + z∗)DA(z∗), (32)
`A = (1 + z∗)piDA(z∗)/rs(z∗), (33)
where Ωm0 is the present-day fractional energy density of
matter, DA(z∗) is the proper angular diameter distance
at the redshift of the decoupling epoch of photons z∗, and
rs(z∗) is the comoving size of the sound horizon at z∗. In
a flat universe, DA can be expressed as
DA(z) =
1
H0(1 + z)
∫ z
0
dz′
E(z′)
, (34)
and rs(z) can be expressed as
rs(z) =
1√
3
∫ 1/(1+z)
0
da
a2H(a)
√
1 + (3Ωb0/4Ωγ0)a
, (35)
where Ωb0 and Ωγ0 are the present-day fractional en-
ergy densities of baryons and photons, respectively.
From the measurement of CMB, we have 3Ωb0/4Ωγ0 =
31500Ωb0h
2(Tcmb/2.7K)
−4, where Tcmb = 2.7255K. The
fitting formula of z∗ is given by [127]
z∗ = 1048[1 + 0.00124(Ωb0h2)−0.738][1 + g1(Ωm0h2)g2 ],
(36)
where
g1 =
0.0783(Ωb0h
2)−0.238
1 + 39.5(Ωb0h2)0.763
,
g2 =
0.560
1 + 21.1(Ωb0h2)1.81
. (37)
Using the Planck TT+LowP data, the values of the
three quantities are obtained: R = 1.7488 ± 0.0074,
`A = 301.76 ± 0.14, and Ωbh2 = 0.02228 ± 0.00023.
The inverse covariance matrix for them, Cov−1CMB, can
be found in Ref. [126],
Cov−1CMB =
 1 0.54 −0.630.54 1 −0.43
−0.63 −0.43 1
 .
The χ2 function for CMB is thus given by
χ2CMB = ∆pi[Cov
−1
CMB(pi, pj)]∆pj , ∆pi = p
th
i − pobsi ,
(38)
where p1 = `A, p2 = R, and p3 = ωb.
C. Baryon acoustic oscillations
The BAO data can be used to measure the angu-
lar diameter distance DA(z) and the expansion rate of
the universe H(z). The BAO measurements can pro-
vide the ratio of the effective distance measure DV(z)
and the comoving sound horizon size rs(zd) for us [i.e.,
ξ(z) = DV (z)/rs(zd)]. The expression of DV(z) from the
spherical average is
DV(z) =
[
(1 + z)2D2A(z)
z
H(z)
]1/3
, (39)
where DA(z) is the proper angular diameter distance
[see Eq. (34)]. rs(zd) is the comoving sound horizon [see
Eq. (35)] at the drag epoch with redshift zd. Its fitting
formula is given by [128]
zd =
1219(Ωm0h
2)0.251
1 + 0.659(Ωm0h2)0.828
[1 + b1(Ωb0h
2)b2 ], (40)
where
b1 = 0.313(Ωm0h
2)−0.419[1 + 0.607(Ωm0h2)0.674], (41)
b2 = 0.238(Ωm0h
2)0.223. (42)
5We use four BAO points from the six-degree-field
galaxy survey (6dFGS) at zeff = 0.106 [129], the SDSS
main galaxy sample (MGS) at zeff = 0.15 [130], the
baryon oscillation spectroscopic survey (BOSS) “LOWZ”
at zeff = 0.32 [131], and the BOSS CMASS at zeff = 0.57
[131]. The χ2 function for BAO is given by
χ2BAO =
4∑
i=1
(ξobsi − ξthi )2
σ2i
. (43)
D. The Hubble constant
The Hubble constant direct measurement we use in
this work is given by Efstathiou [132], H0 = 70.6 ± 3.3
km s−1 Mpc−1. It is a re-analysis of the Cepheid data of
Riess et al [133]. The χ2 function of the Hubble constant
measurement is
χ2H0 =
(
h− 0.706
0.033
)2
. (44)
IV. RESULTS AND DISCUSSION
In this section, we report the fitting results of the
IHDE models and discuss the implications of these
results. We use the observational data combina-
tion SN+CMB+BAO+H0 to constrain the models (the
ΛCDM model, the HDE model, and the IHDE1–5 mod-
els). The fitting results are summarized in Tables I and
II.
In Table I, we give the values of χ2min, ∆AIC, and ∆BIC
for these models. We find that, among these models, the
ΛCDM model is still the best one in fitting the current
observational data. The ΛCDM model has the least num-
ber of parameters, but it gets the smallest χ2min value in
this fit. The HDE model has one more parameter than
the ΛCDM model, but it yields a greater χ2min value, by
∆χ2 ∼ 5. The IHDE models have two more parameters
than the ΛCDM model, but they only yield similar χ2min
values (all around 699) to that of ΛCDM. So, although
the ΛCDM model has been facing the severe theoretical
problems, it is the simplest dark energy theoretical model
and can explain the observations best. The HDE model
indeed can provide an attractive theoretical scheme for
avoiding the cosmological constant problems, but it per-
forms worse than the ΛCDM model in fitting the obser-
vational data. It seems that one should explore more
possible factors in the framework of holographic dark en-
ergy for seeking for a better model of dark energy in the
sense of quantum gravity.
Using the information criteria to assess the models (the
ΛCDM model is selected as a reference model in this
work), we can see that the HDE model has ∆AIC =
7.2 and ∆BIC = 11.8, and the IHDE1–5 models have
∆AIC ∼ 4.3 and ∆BIC ∼ 13.6. The comparison of
HDE and IHDE shows that, only considering the factor
of number of parameters (i.e., AIC), the IHDE performs
better, but when further considering the factor of number
of data points (i.e., BIC), the HDE performs better. We
show the graphical representation of the results of ∆AIC
and ∆BIC for the HDE model and the IHDE models in
Fig. 1. We also find that the values of χ2min (also, ∆AIC
and ∆BIC) for all the five IHDE models are almost equal,
indicating that the current observational data equally fa-
vor these IHDE models (see also Fig. 1).
In the previous study [112], Feng and Zhang investi-
gated the IHDE models with interaction terms involving
the Hubble parameter H (also Q1–Q5, but with the form
like Q = 3βHρ). We would like to make a comparison of
our results in the present paper with those in Ref. [112].
We will occasionally use the names like Q = 3βH0ρ mod-
els and Q = 3βHρ models to distinguish the models
in this paper and those in Ref. [112]. It was shown in
Ref. [112] that, for the Q = 3βHρ models, according to
the same data sets to this work, the IHDE5 model is the
best one, the IHDE1 model is the next best one, and the
IHDE2 model is the worst one. Namely, in the frame-
work of holographic dark energy with Q = 3βHρ, the
Q = 3βH ρdeρcρde+ρc model is most favored by the current
data, the Q = 3βHρde model is also a good model in
the sense of fitting data, and the Q = 3βHρc model is
relatively not favored by the current data. However, in
the present work, we find that all the IHDE models with
Q = 3βH0ρ are equally favored by the current data.
From Table II, we find that the fitting values of c in
both HDE and IHDE cases are all around 0.7. For the
HDE model, we obtain c = 0.73 (the best-fit value); and
for the IHDE models, we obtain c = 0.69–0.71 (the best-
fit values). The c value in the IHDE models is slightly
smaller than that in the HDE model. For the coupling
parameter β in the IHDE models, we find that in all the
cases β > 0 is favored at the more than 1σ level, indicat-
ing that the decay of dark energy into cold dark matter
is favored at the more than 1σ statistical significance by
the current data. For the IHDE1, IHDE2, and IHDE4
models, we have β ∼ 0.03 and σβ ∼ 0.02; for the IHDE3
model, we have β ∼ 0.01 and σβ ∼ 0.01; and for the
IHDE5 model, we have β ∼ 0.06 and σβ ∼ 0.04–0.06.
In Figs. 2–4, we show the 1σ and 2σ confidence level
contours in the Ωm0–c, Ωm0–β, and c–β planes, respec-
tively. The blue contours and the pink contours corre-
spond to the Q = 3βH0ρ models (in the present work)
and the Q = 3βHρ models (in Ref. [112]), respectively.
In Fig. 2, we find that the Q = 3βH0ρ models systemat-
ically move towards lower left, relative to the Q = 3βHρ
models, in the Ωm0–c plane, indicating that for the
Q = 3βH0ρ models both Ωm0 and c are smaller. In
Figs. 3 and 4, we find that, for the IHDE1 and IHDE5
cases, the β value in the Q = 3βH0ρ models, relative to
the Q = 3βHρ models, is evidently smaller. In this work,
we find that β > 0 is favored at more than 1σ level but
less than 2σ level, for all the cases. But for the Q = 3βHρ
models investigated in Ref. [112], it was shown that the
interaction between dark energy and dark matter can be
6TABLE I: Summary of the information criteria results.
Model χ2min ∆AIC ∆BIC
ΛCDM 699.3776 0 0
HDE 704.6058 7.2282 11.8456
IHDE1 699.6552 4.2776 13.5124
IHDE2 699.8078 4.4302 13.6650
IHDE3 699.7468 4.3692 13.6040
IHDE4 699.7050 4.3274 13.5622
IHDE5 699.7330 4.3554 13.5902
TABLE II: Fitting results of the models. Best-fit values with ±1σ errors are presented.
Parameter HDE IHDE1 IHDE2 IHDE3 IHDE4 IHDE5
Ωm0 0.3242
+0.0081
−0.0079 0.3148
+0.0084
−0.0103 0.3130
+0.0101
−0.0091 0.3133
+0.0101
−0.0093 0.3135
+0.0099
−0.0090 0.3119
+0.0117
−0.0080
Ωb0 0.0522
+0.0011
−0.0012 0.0501
+0.0031
−0.0035 0.0500
+0.0016
−0.0015 0.0498
+0.0018
−0.0015 0.0499
+0.0016
−0.0015 0.0497
+0.0019
−0.0014
c 0.7331+0.0354−0.0421 0.7133
+0.0499
−0.0636 0.6964
+0.0576
−0.0511 0.6933
+0.0727
−0.0468 0.6959
+0.0637
−0.0490 0.6895
+0.0754
−0.0413
β ... 0.0340+0.0180−0.0237 0.0257
+0.0183
−0.0183 0.0134
+0.0111
−0.0089 0.0286
+0.0247
−0.0195 0.0558
+0.0587
−0.0358
h 0.6565+0.0076−0.0068 0.6665
+0.0115
−0.0090 0.6678
+0.0106
−0.0113 0.6685
+0.0100
−0.0118 0.6683
+0.0101
−0.0115 0.6702
+0.0083
−0.0135
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FIG. 1: Graphical representation of the results of ∆AIC and ∆BIC for the HDE model and the IHDE models.
detected at more than 2σ significance; for example, for
the IHDE1 model, β > 0 is favored at the 2.3σ level, and
for the IHDE5 model, β > 0 is favored at the 2.1σ level.
From Fig. 4, we find that for all the IHDE models β
and c are in positive correlation. A positive β means
that dark energy decays into dark matter, and thus the
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FIG. 2: The SN+CMB+BAO+H0 constraints on the HDE model and the IHDE models. The 68.3% and 95.4% confidence
level contours are shown in the Ωm0–c plane.
result of β > 0 will affect the parameter estimation of
c. The positive correlation between β and c implies that
the decay of dark energy into dark matter will decrease
the happening possibility of big rip in a finite future.
In Fig. 5, we show the one-dimensional marginalized
posterior distributions of β (left panel) and c (right panel)
for the HDE model and the IHDE models from the cur-
rent observations. The blue dashed lines in the figure
denote the cases of β = 0 (left panel) and c = 1 (right
panel). We can see from the right panel that the c values
for the IHDE models are almost the same and slightly
smaller than the c value of the HDE model. But, al-
though the c value of the IHDE models is smaller, thanks
to the positive β, the happening risk of big rip in the
IHDE models, compared to the HDE model, is still de-
creased.(Note that, in the model of holographic dark en-
ergy, c < 1 will lead to a late-time phantom and thus
a big rip in the finite future; see, e.g., Ref. [134].) In
Fig. 6, we show the reconstructed evolution of w (with
1–3σ errors) for the HDE model and the IHDE models.
The red dashed line in the figure denotes the cosmologi-
cal constant boundary w = −1. We can clearly see that,
compared to the HDE model, the happening risk in the
IHDE models is indeed decreased.
V. CONCLUSION
In this paper, we have investigated the interacting
holographic dark energy models in which the interaction
term Q does not involve the Hubble parameter H. We
consider five typical IHDE models with the interaction
terms Q = 3βH0ρde, Q = 3βH0ρc, Q = 3βH0(ρde + ρc),
Q = 3βH0
√
ρdeρc, and Q = 3βH0
ρdeρc
ρde+ρc
, respectively.
We use the current observational data, including SN
(JLA) data, CMB (Planck 2015 distance priors) data,
BAO data, andH0 measurement, to constrain these mod-
els.
We find that the current observational data equally fa-
vor these IHDE models. We also find that in all the cases
the coupling parameter β > 0 is favored at more than 1σ
level (but less than 2σ level), indicating that the current
observations slightly favor the decay of dark energy into
dark matter in the current framework of IHDE (with Q
excluding H).
We have made a comparison of our results in the
present work with those in the previous work [112] in
which the IHDE models with Q involving H are inves-
tigated. In Ref. [112], it was shown that the IHDE5
(Q = 3βH ρdeρcρde+ρc ) model and the IHDE1 (Q = 3βHρde)
model are most favored by the current data, and the
IHDE2 (Q = 3βHρc) model is relatively not favored by
the current data; and, in some cases, the coupling of
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FIG. 3: The SN+CMB+BAO+H0 constraints on the HDE model and the IHDE models. The 68.3% and 95.4% confidence
level contours are shown in the Ωm0–β plane. The red dashed line denotes the case of β = 0.
β > 0 can be detected at more than 2σ level (e.g., 2.3σ
in the IHDE1 model and 2.1σ in the IHDE5 model). The
comparison is shown in Figs. 2–4. We also show that for
all the cases β and c are in positive correlation, which
leads to that in the IHDE models the happening risk of
big rip is decreased, compared to the HDE model.
Acknowledgments
This work was supported by the National Natural Sci-
ence Foundation of China (Grants No. 11522540 and
No. 11690021), the National Program for Support of Top-
Notch Young Professionals, and the Provincial Depart-
ment of Education of Liaoning (Grant No. L2012087).
[1] A. G. Riess et al. [Supernova Search Team Collabora-
tion], Observational evidence from supernovae for an
accelerating universe and a cosmological constant, As-
tron. J. 116 (1998) 1009 [astro-ph/9805201].
[2] S. Perlmutter et al. [Supernova Cosmology Project Col-
laboration], Measurements of Omega and Lambda from
42 high redshift supernovae, Astrophys. J. 517, 565
(1999) [astro-ph/9812133].
[3] D. N. Spergel et al. [WMAP Collaboration], First
year Wilkinson Microwave Anisotropy Probe (WMAP)
observations: Determination of cosmological param-
eters, Astrophys. J. Suppl. 148, 175 (2003) [astro-
ph/0302209].
[4] C. L. Bennett et al. [WMAP Collaboration], First year
Wilkinson Microwave Anisotropy Probe (WMAP) ob-
servations: Preliminary maps and basic results, Astro-
phys. J. Suppl. 148, 1 (2003) [astro-ph/0302207].
[5] M. Tegmark et al. [SDSS Collaboration], Cosmological
parameters from SDSS and WMAP, Phys. Rev. D 69,
103501 (2004) [astro-ph/0310723].
[6] K. Abazajian et al. [SDSS Collaboration], The Second
data release of the Sloan digital sky survey, Astron. J.
128, 502 (2004) [astro-ph/0403325].
[7] V. Sahni and A. Starobinsky, Reconstructing Dark En-
ergy, Int. J. Mod. Phys. D 15, 2105 (2006) [astro-
ph/0610026].
90 . 6 0 . 7 0 . 8 0 . 9 1 . 0
0 . 0
0 . 1
0 . 2
β
c
I H D E 1
0 . 6 0 . 7 0 . 8 0 . 9 1 . 0
0 . 0
0 . 1
0 . 2
β
c
I H D E 2
0 . 6 0 . 7 0 . 8 0 . 9 1 . 0
0 . 0
0 . 1
0 . 2 I H D E 3
β
c 0 . 6 0 . 7 0 . 8 0 . 9 1 . 0
0 . 0
0 . 1
0 . 2
   Q = 3 β H ρ
   Q = 3 β H 0 ρ
I H D E 4
β
c
0 . 6 0 . 7 0 . 8 0 . 9 1 . 0
0 . 0
0 . 1
0 . 2 I H D E 5
β
c
FIG. 4: The SN+CMB+BAO+H0 constraints on the IHDE models. The 68.3% and 95.4% confidence level contours are shown
in the c–β plane. The red dashed line denotes the case of β = 0.
- 0 . 2 - 0 . 1 0 . 0 0 . 1 0 . 2 0 . 30 . 0
0 . 5
1 . 0  I H D E 1 I H D E 2 I H D E 3 I H D E 4 I H D E 5
Like
liho
od
β
0 . 5 0 . 6 0 . 7 0 . 8 0 . 9 1 . 0 1 . 1 1 . 20 . 0
0 . 5
1 . 0  H D E I H D E 1 I H D E 2 I H D E 3 I H D E 4 I H D E 5
Like
liho
od
c
FIG. 5: One-dimensional marginalized posterior distributions of parameters β (left panel) and c (right panel) for the HDE
model and the IHDE models, from the SN+CMB+BAO+H0 data. The blue dashed lines denote the cases of β = 0 (left panel)
and c = 1 (right panel).
[8] K. Bamba, S. Capozziello, S. Nojiri and S. D. Odintsov,
Dark energy cosmology: the equivalent description via
different theoretical models and cosmography tests, As-
trophys. Space Sci. 342, 155 (2012) [arXiv:1205.3421
[gr-qc]].
[9] S. Weinberg, The Cosmological Constant Problem, Rev.
Mod. Phys. 61, 1 (1989).
[10] P. J. E. Peebles and B. Ratra, The Cosmological con-
stant and dark energy, Rev. Mod. Phys. 75, 559 (2003)
[astro-ph/0207347].
[11] E. J. Copeland, M. Sami and S. Tsujikawa, Dynamics
of dark energy, Int. J. Mod. Phys. D 15, 1753 (2006)
[hep-th/0603057].
[12] J. Frieman, M. Turner and D. Huterer, Dark Energy
and the Accelerating Universe, Ann. Rev. Astron. As-
trophys. 46, 385 (2008) [arXiv:0803.0982 [astro-ph]].
[13] V. Sahni, Reconstructing the properties of dark en-
ergy, Prog. Theor. Phys. Suppl. 172, 110 (2008).
10
- 1 0 1 2 3
- 1 . 6
- 1 . 4
- 1 . 2
- 1 . 0
- 0 . 8
- 0 . 6
- 0 . 4
w
z
H D E
- 1 0 1 2 3
- 1 . 6
- 1 . 4
- 1 . 2
- 1 . 0
- 0 . 8
- 0 . 6
- 0 . 4
I H D E 1
w
z
- 1 0 1 2 3
- 1 . 6
- 1 . 4
- 1 . 2
- 1 . 0
- 0 . 8
- 0 . 6
- 0 . 4 I H D E 2
w
z - 1 0 1 2 3
- 1 . 6
- 1 . 4
- 1 . 2
- 1 . 0
- 0 . 8
- 0 . 6
- 0 . 4
I H D E 3
w
z
- 1 0 1 2 3
- 1 . 6
- 1 . 4
- 1 . 2
- 1 . 0
- 0 . 8
- 0 . 6
- 0 . 4
I H D E 4
w
z - 1 0 1 2 3
- 1 . 6
- 1 . 4
- 1 . 2
- 1 . 0
- 0 . 8
- 0 . 6
- 0 . 4
I H D E 5
w
z
FIG. 6: The reconstructed evolution of w (with 1–3σ errors) for the HDE model and the five IHDE models. The red dashed
line denotes the cosmological constant boundary w = −1.
doi:10.1143/PTPS.172.110
[14] M. Li, X. D. Li, S. Wang and Y. Wang, Dark Energy,
Commun. Theor. Phys. 56, 525 (2011) [arXiv:1103.5870
[astro-ph.CO]].
[15] M. Kamionkowski, Dark Matter and Dark Energy,
arXiv:0706.2986 [astro-ph].
[16] P. A. R. Ade et al. [Planck Collaboration], Planck
2015 results. XIII. Cosmological parameters, Astron.
Astrophys. 594, A13 (2016) [arXiv:1502.01589 [astro-
ph.CO]].
[17] V. Sahni and A. A. Starobinsky, The Case for a positive
cosmological Lambda term, Int. J. Mod. Phys. D 9, 373
(2000) [astro-ph/9904398].
[18] R. Bean, S. M. Carroll and M. Trodden, Insights into
dark energy: interplay between theory and observation,
astro-ph/0510059.
325, L17[19]
[19] P. J. Steinhardt, L. M. Wang and I. Zlatev, Cosmolog-
ical tracking solutions, Phys. Rev. D 59, 123504 (1999)
[astro-ph/9812313].
[20] I. Zlatev, L. M. Wang and P. J. Steinhardt,
Quintessence, cosmic coincidence, and the cosmologi-
cal constant, Phys. Rev. Lett. 82, 896 (1999) [astro-
ph/9807002].
[21] A. R. Liddle and R. J. Scherrer, A Classification
of scalar field potentials with cosmological scaling
solutions, Phys. Rev. D 59, 023509 (1999) [astro-
ph/9809272].
[22] R. R. Caldwell, R. Dave and P. J. Steinhardt, Cosmolog-
ical imprint of an energy component with general equa-
tion of state, Phys. Rev. Lett. 80, 1582 (1998) [astro-
ph/9708069].
[23] M. S. Turner and M. J. White, CDM models with a
smooth component, Phys. Rev. D 56, no. 8, R4439
(1997) [astro-ph/9701138].
[24] J. A. Frieman, C. T. Hill, A. Stebbins and I. Waga,
Cosmology with ultralight pseudo Nambu-Goldstone
bosons, Phys. Rev. Lett. 75, 2077 (1995) [astro-
ph/9505060].
[25] Z. K. Guo, Y. S. Piao, X. M. Zhang and Y. Z. Zhang,
Cosmological evolution of a quintom model of dark en-
ergy, Phys. Lett. B 608, 177 (2005) [astro-ph/0410654].
[26] W. Zhao, Quintom models with an equation of state
crossing -1, Phys. Rev. D 73, 123509 (2006) [astro-
ph/0604460].
[27] H. Wei, R. G. Cai and D. F. Zeng, Hessence: A New
view of quintom dark energy Class. Quant. Grav. 22,
3189 (2005) [hep-th/0501160].
[28] Y. f. Cai, M. z. Li, J. X. Lu, Y. S. Piao, T. t. Qiu and
X. m. Zhang, A String-Inspired Quintom Model Of Dark
Energy, Phys. Lett. B 651, 1 (2007) [hep-th/0701016].
[29] Y. F. Cai, E. N. Saridakis, M. R. Setare and J. Q. Xia,
Quintom Cosmology: Theoretical implications and ob-
servations Phys. Rept. 493, 1 (2010) [arXiv:0909.2776
[hep-th]].
[30] M. Li, A model of holographic dark energy, Phys. Lett.
B 603, 1 (2004) doi:10.1016/j.physletb.2004.10.014
[31] S. Wang, Y. Wang and M. Li, Holographic
Dark Energy, Phys. Rept. 696, 1 (2017)
doi:10.1016/j.physrep.2017.06.003 [arXiv:1612.00345
11
[astro-ph.CO]].
[32] A. G. Cohen, D. B. Kaplan and A. E. Nelson, Effective
field theory, black holes, and the cosmological constant,
Phys. Rev. Lett. 82, 4971 (1999) [hep-th/9803132].
[33] Q. G. Huang and Y. G. Gong, Supernova constraints
on a holographic dark energy model, JCAP 0408, 006
(2004) [astro-ph/0403590].
[34] B. Wang, E. Abdalla and R. K. Su, Constraints on the
dark energy from holography, Phys. Lett. B 611, 21
(2005) [hep-th/0404057].
[35] Q. G. Huang and M. Li, Anthropic principle favors the
holographic dark energy, JCAP 0503, 001 (2005) [hep-
th/0410095].
[36] Z. Chang, F. Q. Wu and X. Zhang, Constraints on holo-
graphic dark energy from x-ray gas mass fraction of
galaxy clusters, Phys. Lett. B 633, 14 (2006) [astro-
ph/0509531].
[37] S. Nojiri and S. D. Odintsov, Unifying phantom infla-
tion with late-time acceleration: Scalar phantom-non-
phantom transition model and generalized holographic
dark energy, Gen. Rel. Grav. 38, 1285 (2006) [hep-
th/0506212].
[38] X. Zhang, Reconstructing holographic quintessence,
Phys. Lett. B 648, 1 (2007) [astro-ph/0604484].
[39] X. Zhang, Dynamical vacuum energy, holographic quin-
tom, and the reconstruction of scalar-field dark energy,
Phys. Rev. D 74, 103505 (2006) [astro-ph/0609699].
[40] X. Zhang and F. Q. Wu, Constraints on Holographic
Dark Energy from Latest Supernovae, Galaxy Clus-
tering, and Cosmic Microwave Background Anisotropy
Observations, Phys. Rev. D 76, 023502 (2007) [astro-
ph/0701405].
[41] J. Zhang, X. Zhang and H. Liu, Holographic tachyon
model, Phys. Lett. B 651, 84 (2007) [arXiv:0706.1185
[astro-ph]].
[42] J. f. Zhang, X. Zhang and H. y. Liu, Holographic dark
energy in a cyclic universe, Eur. Phys. J. C 52, 693
(2007) [arXiv:0708.3121 [hep-th]].
[43] M. Li, C. Lin and Y. Wang, Some Issues Concern-
ing Holographic Dark Energy, JCAP 0805, 023 (2008)
[arXiv:0801.1407 [astro-ph]].
[44] Y. Z. Ma and X. Zhang, Possible Theoretical limits on
holographic quintessence from weak gravity conjecture,
Phys. Lett. B 661, 239 (2008) [arXiv:0709.1517 [astro-
ph]].
[45] M. Li, X. D. Li, S. Wang and X. Zhang, Holo-
graphic dark energy models: A comparison from the
latest observational data, JCAP 0906, 036 (2009)
[arXiv:0904.0928 [astro-ph.CO]].
[46] X. Zhang, Heal the world: Avoiding the cosmic dooms-
day in the holographic dark energy model, Phys. Lett.
B 683, 81 (2010) [arXiv:0909.4940 [gr-qc]].
[47] J. F. Zhang, M. M. Zhao, Y. H. Li and X. Zhang,
Neutrinos in the holographic dark energy model: con-
straints from latest measurements of expansion his-
tory and growth of structure, JCAP 1504, 038 (2015)
[arXiv:1502.04028 [astro-ph.CO]].
[48] J. Cui, Y. Xu, J. Zhang and X. Zhang, Strong grav-
itational lensing constraints on holographic dark en-
ergy, Sci. China Phys. Mech. Astron. 58, 110402 (2015)
[arXiv:1511.06956 [astro-ph.CO]].
[49] S. del Campo, J. C. Fabris, R. Herrera and W. Zimdahl,
On holographic dark-energy models, Phys. Rev. D 83,
123006 (2011) [arXiv:1103.3441 [astro-ph.CO]].
[50] R. C. G. Landim, Holographic dark energy from min-
imal supergravity, Int. J. Mod. Phys. D 25, no. 04,
1650050 (2016) [arXiv:1508.07248 [hep-th]].
[51] M. M. Zhao, D. Z. He, J. F. Zhang and X. Zhang, A
search for sterile neutrinos in holographic dark energy
cosmology: Reconciling Planck observation with the lo-
cal measurement of Hubble constant, arXiv:1703.08456
[astro-ph.CO].
[52] M. Li, X. D. Li, Y. Z. Ma, X. Zhang and Z. Zhang,
Planck Constraints on Holographic Dark Energy, JCAP
1309, 021 (2013) [arXiv:1305.5302 [astro-ph.CO]].
[53] H. Wei and R. G. Cai, A New Model of Age-
graphic Dark Energy, Phys. Lett. B 660, 113 (2008)
doi:10.1016/j.physletb.2007.12.030 [arXiv:0708.0884
[astro-ph]].
[54] C. Gao, X. Chen and Y. G. Shen, A Holographic Dark
Energy Model from Ricci Scalar Curvature, Phys. Rev.
D 79, 043511 (2009) doi:10.1103/PhysRevD.79.043511
[arXiv:0712.1394 [astro-ph]].
[55] R. G. Cai, B. Hu and Y. Zhang, Holography, UV/IR Re-
lation, Causal Entropy Bound and Dark Energy, Com-
mun. Theor. Phys. 51, 954 (2009) doi:10.1088/0253-
6102/51/5/39 [arXiv:0812.4504 [hep-th]].
[56] X. Zhang, Holographic Ricci dark energy: Current ob-
servational constraints, quintom feature, and the re-
construction of scalar-field dark energy, Phys. Rev.
D 79, 103509 (2009) doi:10.1103/PhysRevD.79.103509
[arXiv:0901.2262 [astro-ph.CO]].
[57] D. Z. He, J. F. Zhang and X. Zhang, Redshift
drift constraints on holographic dark energy, Sci.
China Phys. Mech. Astron. 60, no. 3, 039511 (2017)
[arXiv:1607.05643 [astro-ph.CO]].
[58] K. Liao and Z. H. Zhu, A unification of RDE model
and XCDM model, Phys. Lett. B 718, 1155 (2013)
[arXiv:1212.5790 [astro-ph.CO]].
[59] J. Zhang, L. Zhang and X. Zhang, Sandage-Loeb test
for the new agegraphic and Ricci dark energy models,
Phys. Lett. B 691, 11 (2010) [arXiv:1006.1738 [astro-
ph.CO]].
[60] J. F. Zhang, Y. H. Li and X. Zhang, A global fit study on
the new agegraphic dark energy model, Eur. Phys. J. C
73, no. 1, 2280 (2013) [arXiv:1212.0300 [astro-ph.CO]].
[61] Y. H. Li, J. F. Zhang and X. Zhang, New initial con-
dition of the new agegraphic dark energy model, Chin.
Phys. B 37, 039501 (2013) [arXiv:1201.5446 [gr-qc]].
[62] J. P. Wu, D. Z. Ma and Y. Ling, Quintessence recon-
struction of the new agegraphic dark energy model,
Phys. Lett. B 663, 152 (2008) [arXiv:0805.0546 [hep-
th]].
[63] X. Zhang and F. Q. Wu, Constraints on holographic
dark energy from Type Ia supernova observations, Phys.
Rev. D 72, 043524 (2005) [astro-ph/0506310].
[64] J. F. Zhang, M. M. Zhao, J. L. Cui and X. Zhang, Re-
visiting the holographic dark energy in a non-flat uni-
verse: alternative model and cosmological parameter
constraints, Eur. Phys. J. C 74, no. 11, 3178 (2014)
[arXiv:1409.6078 [astro-ph.CO]].
[65] Y. Z. Ma, Y. Gong and X. Chen, Features of holo-
graphic dark energy under the combined cosmolog-
ical constraints, Eur. Phys. J. C 60, 303 (2009)
[arXiv:0711.1641 [astro-ph]].
[66] Y. H. Li, S. Wang, X. D. Li and X. Zhang, Holographic
dark energy in a Universe with spatial curvature and
massive neutrinos: a full Markov Chain Monte Carlo
12
exploration, JCAP 1302, 033 (2013) [arXiv:1207.6679
[astro-ph.CO]].
[67] Y. Y. Xu and X. Zhang, Comparison of dark en-
ergy models after Planck 2015, Eur. Phys. J. C 76,
no. 11, 588 (2016) doi:10.1140/epjc/s10052-016-4446-5
[arXiv:1607.06262 [astro-ph.CO]].
[68] L. Amendola, Coupled quintessence, Phys. Rev. D 62,
043511 (2000) [astro-ph/9908023].
[69] R. G. Cai and A. Wang, Cosmology with interac-
tion between phantom dark energy and dark matter
and the coincidence problem, JCAP 0503, 002 (2005)
doi:10.1088/1475-7516/2005/03/002 [hep-th/0411025].
[70] X. Zhang, Statefinder diagnostic for coupled
quintessence, Phys. Lett. B 611, 1 (2005) [astro-
ph/0503075].
[71] L. Amendola and D. Tocchini-Valentini, Baryon bias
and structure formation in an accelerating universe,
Phys. Rev. D 66, 043528 (2002) [astro-ph/0111535].
[72] D. Comelli, M. Pietroni and A. Riotto, Dark en-
ergy and dark matter, Phys. Lett. B 571, 115 (2003)
doi:10.1016/j.physletb.2003.05.006 [hep-ph/0302080].
[73] W. Zimdahl, Interacting dark energy and cosmological
equations of state, Int. J. Mod. Phys. D 14, 2319 (2005)
doi:10.1142/S0218271805007784 [gr-qc/0505056].
[74] B. Wang, J. Zang, C. Y. Lin, E. Abdalla
and S. Micheletti, Interacting dark energy and
dark matter:observational constraints from cos-
mological parameters, Nucl. Phys. B 778, 69
(2007) doi:10.1016/j.nuclphysb.2007.04.037 [astro-
ph/0607126].
[75] Z. K. Guo, N. Ohta and S. Tsujikawa, Prob-
ing the coupling between dark components of
the universe, Phys. Rev. D 76, 023508 (2007)
doi:10.1103/PhysRevD.76.023508 [astro-ph/0702015
[astro-ph]].
[76] O. Bertolami, F. Gil Pedro and M. Le Delliou,
Dark energy-dark matter interaction and the vio-
lation of the equivalence principle from the Abell
Cluster A586, Phys. Lett. B 654, 165 (2007)
doi:10.1016/j.physletb.2007.08.046 [astro-ph/0703462
[astro-ph]].
[77] C. G. Boehmer, G. Caldera-Cabral, R. Lazkoz and
R. Maartens, Dynamics of dark energy with a cou-
pling to dark matter, Phys. Rev. D 78, 023505 (2008)
doi:10.1103/PhysRevD.78.023505 [arXiv:0801.1565 [gr-
qc]].
[78] J. H. He and B. Wang, Effects of the interaction be-
tween dark energy and dark matter on cosmological
parameters, JCAP 0806, 010 (2008) doi:10.1088/1475-
7516/2008/06/010 [arXiv:0801.4233 [astro-ph]].
[79] J. H. He, B. Wang and Y. P. Jing, Effects of dark sectors’
mutual interaction on the growth of structures, JCAP
0907, 030 (2009) doi:10.1088/1475-7516/2009/07/030
[arXiv:0902.0660 [gr-qc]].
[80] J. H. He, B. Wang and P. Zhang, The imprint of
the interaction between dark sectors in large scale cos-
mic microwave background anisotropies, Phys. Rev.
D 80, 063530 (2009) doi:10.1103/PhysRevD.80.063530
[arXiv:0906.0677 [gr-qc]].
[81] K. Koyama, R. Maartens and Y. S. Song, Veloci-
ties as a probe of dark sector interactions, JCAP
0910, 017 (2009) doi:10.1088/1475-7516/2009/10/017
[arXiv:0907.2126 [astro-ph.CO]].
[82] J. Q. Xia, Constraint on coupled dark energy models
from observations, Phys. Rev. D 80, 103514 (2009)
doi:10.1103/PhysRevD.80.103514 [arXiv:0911.4820
[astro-ph.CO]].
[83] J. H. He, B. Wang and E. Abdalla, Testing the
interaction between dark energy and dark matter via
latest observations, Phys. Rev. D 83, 063515 (2011)
doi:10.1103/PhysRevD.83.063515 [arXiv:1012.3904
[astro-ph.CO]].
[84] Y. Chen, Z. H. Zhu, L. Xu and J. S. Alcaniz,
Λ(t)CDM Model as a Unified Origin of Holographic
and Agegraphic Dark Energy Models, Phys. Lett.
B 698, 175 (2011) doi:10.1016/j.physletb.2011.02.052
[arXiv:1103.2512 [astro-ph.CO]].
[85] T. Clemson, K. Koyama, G. B. Zhao, R. Maartens
and J. Valiviita, Interacting Dark Energy – constraints
and degeneracies, Phys. Rev. D 85, 043007 (2012)
doi:10.1103/PhysRevD.85.043007 [arXiv:1109.6234
[astro-ph.CO]].
[86] Y. Wang, D. Wands, L. Xu, J. De-Santiago
and A. Hojjati, Cosmological constraints on a de-
composed Chaplygin gas, Phys. Rev. D 87, no.
8, 083503 (2013) doi:10.1103/PhysRevD.87.083503
[arXiv:1301.5315 [astro-ph.CO]].
[87] T. F. Fu, J. F. Zhang, J. Q. Chen and X. Zhang,
Holographic Ricci dark energy: Interacting model
and cosmological constraints, Eur. Phys. J. C
72, 1932 (2012) doi:10.1140/epjc/s10052-012-1932-2
[arXiv:1112.2350 [astro-ph.CO]].
[88] S. Wang, Y. Z. Wang, J. J. Geng and X. Zhang, Ef-
fects of time-varying β in SNLS3 on constraining in-
teracting dark energy models, Eur. Phys. J. C 74,
no. 11, 3148 (2014) doi:10.1140/epjc/s10052-014-3148-0
[arXiv:1406.0072 [astro-ph.CO]].
[89] J. L. Cui, L. Yin, L. F. Wang, Y. H. Li and X. Zhang, A
closer look at interacting dark energy with statefinder
hierarchy and growth rate of structure, JCAP 1509,
no. 09, 024 (2015) doi:10.1088/1475-7516/2015/09/024
[arXiv:1503.08948 [astro-ph.CO]].
[90] R. Murgia, S. Gariazzo and N. Fornengo, Constraints
on the coupling between dark energy and dark mat-
ter from CMB data, JCAP 1604, no. 04, 014 (2016)
doi:10.1088/1475-7516/2016/04/014 [arXiv:1602.01765
[astro-ph.CO]].
[91] J. Sola, A. Gmez-Valent and J. de Cruz Prez,
First evidence of running cosmic vacuum: chal-
lenging the concordance model, Astrophys. J. 836,
no. 1, 43 (2017) doi:10.3847/1538-4357/836/1/43
[arXiv:1602.02103 [astro-ph.CO]].
[92] J. Sola, J. de Cruz Prez, A. Gomez-Valent and
R. C. Nunes, Dynamical Vacuum against a rigid Cos-
mological Constant, arXiv:1606.00450 [gr-qc].
[93] J. Sola, Cosmological constant vis-a-vis dynam-
ical vacuum: bold challenging the ΛCDM, Int.
J. Mod. Phys. A 31, no. 23, 1630035 (2016)
doi:10.1142/S0217751X16300350 [arXiv:1612.02449
[astro-ph.CO]].
[94] J. Sola, J. d. C. Perez and A. Gomez-Valent, Towards
the firsts compelling signs of vacuum dynamics in mod-
ern cosmological observations, arXiv:1703.08218 [astro-
ph.CO].
[95] A. Pourtsidou and T. Tram, Reconciling CMB and
structure growth measurements with dark energy
interactions, Phys. Rev. D 94, no. 4, 043518 (2016)
doi:10.1103/PhysRevD.94.043518 [arXiv:1604.04222
13
[astro-ph.CO]].
[96] A. A. Costa, X. D. Xu, B. Wang and E. Ab-
dalla, Constraints on interacting dark energy models
from Planck 2015 and redshift-space distortion data,
arXiv:1605.04138 [astro-ph.CO].
[97] D. M. Xia and S. Wang, Constraining interacting
dark energy models with latest cosmological observa-
tions, Mon. Not. Roy. Astron. Soc. 463, 952 (2016)
doi:10.1093/mnras/stw2073 [arXiv:1608.04545 [astro-
ph.CO]].
[98] C. van de Bruck, J. Mifsud and J. Morrice, Testing cou-
pled dark energy models with their cosmological back-
ground evolution, [arXiv:1609.09855 [astro-ph.CO]].
[99] S. Kumar and R. C. Nunes, Probing the interac-
tion between dark matter and dark energy in the
presence of massive neutrinos, Phys. Rev. D 94,
no. 12, 123511 (2016) doi:10.1103/PhysRevD.94.123511
[arXiv:1608.02454 [astro-ph.CO]].
[100] S. Kumar and R. C. Nunes, Echo for interaction in the
dark sector, arXiv:1702.02143 [astro-ph.CO].
[101] L. Santos, W. Zhao, E. G. M. Ferreira and J. Quintin,
Constraining interacting dark energy with CMB and
BAO future surveys, arXiv:1707.06827 [astro-ph.CO].
[102] J. Valiviita, E. Majerotto and R. Maartens, Instability
in interacting dark energy and dark matter fluids, JCAP
0807, 020 (2008) doi:10.1088/1475-7516/2008/07/020
[arXiv:0804.0232 [astro-ph]].
[103] R. Y. Guo, Y. H. Li, J. F. Zhang and X. Zhang,
Weighing neutrinos in the scenario of vacuum energy
interacting with cold dark matter: application of the
parameterized post-Friedmann approach, JCAP 1705,
no. 05, 040 (2017) doi:10.1088/1475-7516/2017/05/040
[arXiv:1702.04189 [astro-ph.CO]].
[104] X. Zhang, Probing the interaction between dark en-
ergy and dark matter with the parametrized post-
Friedmann approach, Sci. China Phys. Mech. Astron.
60, no. 5, 050431 (2017) doi:10.1007/s11433-017-9013-7
[arXiv:1702.04564 [astro-ph.CO]].
[105] R. G. Cai and Q. Su, On the Dark Sector In-
teractions, Phys. Rev. D 81, 103514 (2010)
doi:10.1103/PhysRevD.81.103514 [arXiv:0912.1943
[astro-ph.CO]].
[106] Y. H. Li and X. Zhang, Running coupling: Does the
coupling between dark energy and dark matter change
sign during the cosmological evolution?, Eur. Phys. J.
C 71, 1700 (2011) doi:10.1140/epjc/s10052-011-1700-8
[arXiv:1103.3185 [astro-ph.CO]].
[107] H. Wei, Cosmological Constraints on the Sign-
Changeable Interactions, Commun. Theor. Phys.
56, 972 (2011) doi:10.1088/0253-6102/56/5/29
[arXiv:1010.1074 [gr-qc]].
[108] J. F. Zhang, Y. Y. Li, Y. Liu, S. Zou and
X. Zhang, Holographic Λ(t)CDM model in a non-
flat universe, Eur. Phys. J. C 72, 2077 (2012)
doi:10.1140/epjc/s10052-012-2077-z [arXiv:1205.2972
[astro-ph.CO]].
[109] X. Zhang, F. Q. Wu and J. Zhang, New gen-
eralized Chaplygin gas as a scheme for unifica-
tion of dark energy and dark matter, JCAP 0601,
003 (2006) doi:10.1088/1475-7516/2006/01/003 [astro-
ph/0411221].
[110] Z. Zhang, S. Li, X. D. Li, X. Zhang and
M. Li, Revisit of the Interaction between Holo-
graphic Dark Energy and Dark Matter, JCAP
1206, 009 (2012) doi:10.1088/1475-7516/2012/06/009
[arXiv:1204.6135 [astro-ph.CO]].
[111] M. Li, X. D. Li, S. Wang, Y. Wang and X. Zhang,
Probing interaction and spatial curvature in the holo-
graphic dark energy model, JCAP 0912, 014 (2009)
[arXiv:0910.3855 [astro-ph.CO]].
[112] L. Feng and X. Zhang, Revisit of the interacting holo-
graphic dark energy model after Planck 2015, JCAP
1608, no. 08, 072 (2016) [arXiv:1607.05567 [astro-
ph.CO]].
[113] Y. H. Li and X. Zhang, Large-scale stable inter-
acting dark energy model: Cosmological perturba-
tions and observational constraints, Phys. Rev. D 89,
no. 8, 083009 (2014) doi:10.1103/PhysRevD.89.083009
[arXiv:1312.6328 [astro-ph.CO]].
[114] Y. H. Li, J. F. Zhang and X. Zhang, Parametrized
Post-Friedmann Framework for Interacting Dark
Energy, Phys. Rev. D 90, no. 6, 063005 (2014)
doi:10.1103/PhysRevD.90.063005 [arXiv:1404.5220
[astro-ph.CO]].
[115] Y. H. Li, J. F. Zhang and X. Zhang, Exploring
the full parameter space for an interacting dark en-
ergy model with recent observations including redshift-
space distortions: Application of the parametrized
post-Friedmann approach, Phys. Rev. D 90, no.
12, 123007 (2014) doi:10.1103/PhysRevD.90.123007
[arXiv:1409.7205 [astro-ph.CO]].
[116] Y. H. Li, J. F. Zhang and X. Zhang, Testing mod-
els of vacuum energy interacting with cold dark
matter, Phys. Rev. D 93, no. 2, 023002 (2016)
doi:10.1103/PhysRevD.93.023002 [arXiv:1506.06349
[astro-ph.CO]].
[117] J. J. Geng, Y. H. Li, J. F. Zhang and X. Zhang, Redshift
drift exploration for interacting dark energy, Eur. Phys.
J. C 75, no. 8, 356 (2015) doi:10.1140/epjc/s10052-015-
3581-8 [arXiv:1501.03874 [astro-ph.CO]].
[118] L. Zhang, J. Cui, J. Zhang and X. Zhang, Interact-
ing model of new agegraphic dark energy: Cosmolog-
ical evolution and statefinder diagnostic, Int. J. Mod.
Phys. D 19, 21 (2010) doi:10.1142/S0218271810016245
[arXiv:0911.2838 [astro-ph.CO]].
[119] Y. Li, J. Ma, J. Cui, Z. Wang and X. Zhang, Interact-
ing model of new agegraphic dark energy: observational
constraints and age problem, Sci. China Phys. Mech.
Astron. 54, 1367 (2011) doi:10.1007/s11433-011-4382-1
[arXiv:1011.6122 [astro-ph.CO]].
[120] J. Zhang, H. Liu and X. Zhang, Statefinder di-
agnosis for the interacting model of holographic
dark energy, Phys. Lett. B 659, 26 (2008)
doi:10.1016/j.physletb.2007.10.086 [arXiv:0705.4145
[astro-ph]].
[121] X. Zhang, Coupled quintessence in a power-law case and
the cosmic coincidence problem, Mod. Phys. Lett. A
20, 2575 (2005) doi:10.1142/S0217732305017597 [astro-
ph/0503072].
[122] J. Zhang, L. Zhao and X. Zhang, Revisiting the inter-
acting model of new agegraphic dark energy, Sci. China
Phys. Mech. Astron. 57, 387 (2014) [arXiv:1306.1289
[astro-ph.CO]].
[123] Akaike H. A new look at the statistical model identifica-
tion. IEEE Trans Automatic Control, 1974, 19:716-723
[124] Schwarz G. Eatimating the dimension of model. Ann
Stat, 1978, 6:461-464
[125] M. Betoule et al. [SDSS Collaboration], Improved cos-
14
mological constraints from a joint analysis of the SDSS-
II and SNLS supernova samples, Astron. Astrophys.
568, A22 (2014) [arXiv:1401.4064 [astro-ph.CO]].
[126] P. A. R. Ade et al. [Planck Collaboration], Planck
2015 results. XIV. Dark energy and modified gravity,
arXiv:1502.01590 [astro-ph.CO].
[127] W. Hu and N. Sugiyama, Small scale cosmological per-
turbations: An Analytic approach, Astrophys. J. 471,
542 (1996) [astro-ph/9510117].
[128] D. J. Eisenstein and W. Hu, Baryonic features in the
matter transfer function, Astrophys. J. 496, 605 (1998)
[astro-ph/9709112].
[129] F. Beutler et al., The 6dF Galaxy Survey: Baryon
Acoustic Oscillations and the Local Hubble Con-
stant, Mon. Not. Roy. Astron. Soc. 416, 3017 (2011)
[arXiv:1106.3366 [astro-ph.CO]].
[130] A. J. Ross, L. Samushia, C. Howlett, W. J. Percival,
A. Burden and M. Manera, The clustering of the SDSS
DR7 main Galaxy sample C I. A 4 per cent distance
measure at z = 0.15, Mon. Not. Roy. Astron. Soc. 449,
no. 1, 835 (2015) [arXiv:1409.3242 [astro-ph.CO]].
[131] L. Anderson et al. [BOSS Collaboration], The clustering
of galaxies in the SDSS-III Baryon Oscillation Spectro-
scopic Survey: baryon acoustic oscillations in the Data
Releases 10 and 11 Galaxy samples, Mon. Not. Roy. As-
tron. Soc. 441, no. 1, 24 (2014) [arXiv:1312.4877 [astro-
ph.CO]].
[132] G. Efstathiou, H0 Revisited, Mon. Not. Roy. Astron.
Soc. 440, no. 2, 1138 (2014) [arXiv:1311.3461 [astro-
ph.CO]].
[133] A. G. Riess et al., A 3% Solution: Determination of the
Hubble Constant with the Hubble Space Telescope and
Wide Field Camera 3, Astrophys. J. 730, 119 (2011) Er-
ratum: [Astrophys. J. 732, 129 (2011)] [arXiv:1103.2976
[astro-ph.CO]].
[134] X. Zhang, Statefinder diagnostic for holographic dark
energy model, Int. J. Mod. Phys. D 14, 1597 (2005)
[astro-ph/0504586].
